Ozone-induced lung injury is associated with an accumulation of activated macrophages in the lung. Chemokine receptor CCR2 mediates the migration of inflammatory monocytes/macrophages to sites of tissue injury. It is also required for monocyte egress from the bone marrow. In the present studies, we analyzed the role of CCR2 in inflammatory cell trafficking to the lung in response to ozone. Treatment of mice with ozone (0.8 ppm, 3 h) resulted in increases in proinflammatory CCR2
Moreover, mice genetically deficient in CCR2 or treated with a CCR2 antagonist, exhibit significantly reduced recruitment of macrophages to the lung in a number of experimental disease models (Han et al., 2015; Lin et al., 2008 Lin et al., , 2011 Okuma et al., 2004; Osterholzer et al., 2013; Provoost et al., 2012; Shen et al., 2011; Yang et al., 2010) . The CCL2/CCR2 signaling pathway has also been implicated in inflammation-driven lung diseases in humans including asthma, idiopathic pulmonary fibrosis, chronic obstructive pulmonary disease, acute respiratory distress syndrome, and bronchiolitis obliterans (Barnes, 2008; Belperio et al., 2001; Moore et al., 2001 Moore et al., , 2013 Yadav et al., 2010) .
In the present studies, we analyzed the role of CCR2 in macrophage trafficking to the lung from the bone marrow in response to ozone-induced injury. Our findings that inflammatory macrophage accumulation in the lung is blunted in mice lacking CCR2, and that this is correlated with reduced injury and oxidative stress provide novel insights into inflammatory mechanisms contributing to tissue injury induced by ozone. These data may be useful in the development of new strategies for reducing lung injury induced by air pollutants, and potentially for other inflammatory lung diseases.
MATERIALS AND METHODS
Animals and exposures. Female specific pathogen-free C57BL6/J wild type (WT) and B6.129S4-Ccr2 tm1lfc /J (CCR2 À/À ) mice (8-11 weeks; 17-22 g) were obtained from The Jackson Laboratories (Bar Harbor, Maine). Animals were housed in filter-top microisolation cages and maintained on food and water ad libitum. Animals received humane care in compliance with the institution's guidelines, as outlined in the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health. All animal protocols were approved by the Rutgers University Institutional Animal Care and Use Committee. Animals were exposed to air or to ozone (0.8 ppm) for 3 h in a whole body Plexiglas chamber. Ozone was generated from oxygen gas via an ultraviolet light generator (Gilmont Instruments, Barrington, Illinois) and mixed with air. The ozone concentration inside the chamber was continuously monitored using a Photometric ozone analyzer (Teledyne Instruments, Thousand Oaks, California) . Over the course of the 3 h ozone exposure period, the average ozone concentration was 0.8 ppm, temperature, 23 C, and humidity 42%. Animals were euthanized 24-72 h after exposure by intraperitoneal injection of pentobarbital (200 mg/kg).
Bronchoalveolar lavage collection and analysis. Bronchoalveolar lavage (BAL) was collected by slowly instilling and withdrawing 1 ml of PBS into the lung 3 times through a cannula in the trachea. BAL fluid was centrifuged (300 Â g, 8 min), supernatants collected, aliquoted, and stored at À80 C until analysis. The lung was then removed and instilled 5 times with 1 ml PBS while gently massaging the tissue. Lavage fluid was centrifuged (400 Â g, 6 min, 4 C), the cell pellet resuspended in 1 ml of PBS and combined with the first BAL lavage cell suspension. Cells were washed twice with PBS, resuspended in 200 ll of staining buffer (PBS containing 2% FCS and 0.02% sodium azide), and viable cells enumerated using a hemocytometer with trypan blue dye exclusion. Total protein was quantified in cell-free BAL fluid using a BCA Protein Assay kit (Pierce Biotechnologies Inc., Rockford, Illinois) with bovine serum albumin as the standard. Samples from 8 mice per treatment group were analyzed in triplicate at 560 nm on a Vmax MAXline microplate reader (Molecular Devices, Sunnyvale, California).
Preparation of blood and bone marrow cells. Blood was collected from the inferior vena cava and red cells lysed in buffer (7.5% NH 4 Cl, 200 mM TrisHCl, pH 7.2). Bone marrow cells were harvested by flushing the femurs with 10-20 ml of ice cold PBS using a 20 G needle; cells were then repeatedly aspirated with a pipet to disrupt clumps and centrifuged (400 Â g, 6 min, 4 C). eBioscience, San Diego, California). In some experiments, blood and bone marrow cells were incubated with AF647-conjugated anti-mouse CCR2 (1:100, clone SA203G11; Biolegend), followed by eFluor 780-conjugated fixable viability dye. Cells were then analyzed on a Gallios flow cytometer (Beckman Coulter, Brea, California). Data were analyzed using Beckman Coulter Kaluza version 1.2 software. Viable cells were initially analyzed for expression of CD11b, followed sequentially by Ly6G, Ly6C, F4/80, and CD11c. Inflammatory cell subpopulations were identified as described previously (Sunil et al., 2015) .
Immunohistochemistry. A separate group of animals (n ¼ 3 mice/ treatment group) was used for this analysis. The lung was fixed in situ via the trachea with PBS containing 3% paraformaldehyde and 2% sucrose solution. After overnight incubation at 4 C, the tissue was washed 3 times in PBS/2% sucrose, transferred to 50% ethanol, and then embedded in paraffin. Tissue sections (5 lm) were deparaffinized with xylene (4 min, Â2) followed by decreasing concentrations of ethanol (100%-50%) and then, water. Following antigen retrieval using citrate buffer (10.2 mM sodium citrate, pH 6.0) and quenching of endogenous peroxidase with 3% H 2 O 2 for 10 min, sections were incubated for 2 h at room temperature (RT) with 10%-100% normal goat or rabbit serum to block non-specific binding. Immunofluorescence. Lungs were inflated with OCT medium (ThermoFisher Scientific, Wilmington, Delaware) containing 30% sucrose, and then snap frozen in liquid nitrogen-cooled isopentane and embedded. Tissue sections (6 lm) were fixed in 90% acetone/10% methanol and air dried. After blocking with 10% bovine serum albumin (Sigma-Aldrich, St. Louis, Missouri), sections were stained with AF647-conjugated anti-mouse CCR2
(1:100, clone SA203G11; Biolegend, San Diego, California). Images were acquired using a Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). Identical laser power, gain, and offset settings were used for all analyses. The number of CCR2 þ macrophages was quantified microscopically in 3 randomly selected fields from 3 mice/treatment group; magnification 630Â).
Real-time PCR. Total RNA was isolated from the lung using an RNeasy kit (Qiagen, Valencia, California) . RNA purity and concentration were measured using a NanoDrop spectrophotometer (ThermoFisher Scientific). RNA was converted into cDNA using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, California). Standard curves were generated using serial dilutions from pooled randomly selected cDNA samples. Real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) on a ABI Prism 7900HT Sequence Detection System (Applied Biosystems). All PCR primer pairs were generated using Primer Express 2.0 (Applied Biosystems) and synthesized by Integrated DNA Technologies (Coralville, Iowa). Gene expression changes were normalized to GAPDH. Forward and reverse primer sequences used were: TNFa, AGGGATGAGAAGTTCCCAAATG and TGTGAGGGTCTG GGCCATA; IL-1b, AGTTGACGGACCCCAAAAGAT and GGACAG CCCAGGTCAAAGG; iNOS, GGCAGCCTGTGAGACCTTTG and TGAAGCGTTTCGGGATCTG; CX3CR1, TCGGTCTGGTGGGAAAT CTG and GGCTTCCGGCTGTTGGT; CX3CL1, GCACAGGATGC AGGGCTTAC and TGTCAGCCGCCTCAAAACT; NUR77, TCTGCTCAGGCCTGGTACTACA and ATGTTGTCAATCCAAT CACCAAAG; GAPDH, TGAAGCAGGCATCTGAGGG and CGAAGGT GGAAGAGTGGGAG.
Statistical analysis. Data were analyzed using 2-way ANOVA, followed by Tukey's post-hoc analysis. A P value of .05 was considered statistically significant.
RESULTS
In initial studies, we evaluated the effects of ozone on the accumulation of CCR2 þ cells in the lung by confocal microscopy.
Relatively low numbers of CCR2 þ cells were noted in lungs of air exposed WT mice ( Figure 1 ). Treatment of mice with ozone resulted in an increase in CCR2 þ cells in the lung, a response which peaked 24 h post-exposure. Increased numbers of CCR2 þ monocytes were also observed in the blood 24 h postozone, with no effect on bone marrow monocytes at any postexposure time examined ( Figure 2 ). Next we used CCR2 À/À mice to assess the role of CCR2 in inflammatory cell trafficking from the bone marrow to the lung in response to ozone-induced injury. Loss of CCR2 was associated with a significant reduction in CD11b þ inflammatory cells in the lung at all times following ozone exposure (Table 1) . To determine if this was specific for inflammatory cell subpopulations, we analyzed expression of Ly6G, Ly6C, F4/80, and CD11c on CD11b þ cells (Sunil et al., 2015) . ozone-induced inflammatory gene expression was also analyzed. In WT mice, the proinflammatory cytokines, TNFa and IL-1b were upregulated in the lung 24 h post-ozone. Loss of CCR2 significantly reduced the response to ozone at 24 h postexposure ( Figure 6 ). In contrast, IL-1b expression was greater in CCR2 À/À mice, when compared with WT mice at 72 h postexposure; IL-1b was also greater in air exposed CCR2 À/À mice. In WT mice, expression of the proresolution transcription factor NUR77 was upregulated in the lung 24 h and 48 h postozone. NUR77 expression was significantly greater in air-exposed CCR2 À/À mice, when compared with WT mice. Exposure of CCR2 À/À mice to ozone resulted in decreased NUR77 expression.
At 72 h postozone, NUR77 expression was increased in CCR2
À/À mice relative to WT mice. CX3CL1 and CX3CR1 are involved in anti-inflammatory monocyte/macrophage trafficking. In CCR2 À/À mice, but not WT mice, ozone caused a significant increase in expression of CX3CR1 at 24 and 48 h post-exposure and in CX3CL1 at 24, 48 and 72 h postexposure. CX3CL1 was also significantly increased in air-exposed CCR2 À/À mice relative to WT mice. Expression of ADAM17, a protein important in CX3CL1 release (Garton et al., 2001) , was upregulated in lungs of WT mice 24 h following ozone exposure ( Figure 8 and Table 2 ; Supplementary Figure 3) ; in air-exposed CCR2 À/À mice, ADAM17
was constitutively upregulated, however, ozone had no significant effect on its expression. In further studies, we determined if changes in inflammatory cell subpopulations in the lungs of CCR2 À/À mice were associated with alterations in ozone-induced injury and oxidative stress. Treatment of WT mice with ozone resulted in a significant increase in BAL protein content, a marker of alveolar epithelial injury (Bhalla, 1999) (Figure 9 ). This was blunted in CCR2 À/À mice at 48 h post-exposure. Similarly, ozone-induced increases in the oxidative stress marker, Cypb5 (Menoret et al., 2012) , and the lipid peroxidation end product, 4-HNE (Kirichenko et al., 1996) , were reduced in lungs of CCR2 À/À mice, when compared with WT mice (Figures 10 and 11 and Table 2 ; Supplementary Figure 4) . Additionally, ozone-induced upregulation of the antioxidant, HO-1 was attenuated in lungs of CCR2 À/À mice at 24 and 48 h post-exposure ( Figure 12 and Table 2 ; Supplementary Figure 4) .
DISCUSSION
Inflammatory macrophages have been implicated in tissue injury induced by diverse pulmonary toxicants including ozone (Hollingsworth et al., 2007; Laskin et al., 2011) . Tissue injury is thought to be mediated by cytotoxic/proinflammatory mediators released from these cells (Italiani and Boraschi, 2014; Liu et al., 2014) . The present studies demonstrate that CCR2 is important in trafficking of inflammatory macrophages to the lung after ozone exposure and that subpopulations of these cells promote oxidative stress and tissue injury. This is based on our findings that ozone-induced alveolar epithelial barrier dysfunction and expression of Cypb5, 4-HNE and HO-1 are reduced in mice lacking CCR2, responses associated with decreased numbers of proinflammatory/cytotoxic macrophages in the lung. These data provide new insights into mechanisms regulating macrophage localization in the lung after ozone exposure and their contribution to toxicity. Treatment of mice with ozone resulted in increased numbers of CCR2 þ macrophages in the lung. These findings are in accord with reports that CCL2, a major ligand for CCR2, is upregulated in the lung following ozone exposure (Johnston et al., 2000; Williams et al., 2007) . Earlier studies demonstrated increased expression of CCR2 in the lung in experimental models of pulmonary injury induced by diesel exhaust particles and mustard vesicants (Provoost et al., 2012; Venosa et al., 2016) , as well as in models of infection (Hohl et al., 2009; Lin et al., 2011; Yang et al., 2010) and fibrosis (Okuma et al., 2004) . These data suggest that CCR2 þ inflammatory macrophage accumulation in the lung may be a general response to injury and infection. We also found that the percentage of CCR2 þ blood monocytes increased 24 h post-ozone exposure, consistent with the notion that these cells originate within the bone marrow (Jung et al., 2015) . The fact that no changes were noted in CCR2 þ monocytes in the bone marrow may be due to rapid replacement of these cells as they exit the tissue (Wang et al., 2009) . CCR2 has been shown to be required for inflammatory monocyte egress from the bone marrow and accumulation at sites of tissue injury (Serbina and Pamer, 2006; Tsou et al., 2007) . We found that loss of CCR2 resulted in a significant reduction in Hi macrophages increased in the lung at 24 h, a time consistent with peak accumulation of CCR2 þ macrophages in the tissue; this response was blunted in CCR2 À/À mice. Proinflammatory Ly6C Hi macrophages accumulating in the lung in response to infection have been shown to express CCR2 and to promote pulmonary injury Lin et al., 2008) . Our findings of a similar correlation between the presence of CCR2 þ and Ly6C Hi macrophages in the lung and ozone-induced tissue injury provide additional support for the cytotoxic/proinflammatory activity of these cells (Shi and Pamer, 2011) . Loss of CCR2 was also associated with reduced numbers of iNOS þ macrophages in the lung and down regulation of iNOS gene expression, indicating that these cells also traffic to the lung via the CCL2/CCR2 signaling pathway. As expression of iNOS is a characteristic feature of proinflammatory/cytotoxic macrophages (Laskin et al., 2011) , we speculate that CCR2-dependent proinflammatory/cytotoxic macrophages that accumulate in the lung in response to ozone are both Ly6C Hi and iNOS þ . This is supported by previous studies demonstrating proinflammatory Ly6C
Hi macrophages express iNOS and release cytotoxic oxidants (Dragomir et al., 2012; Shi and Pamer, 2011) . In macrophages, iNOS mediates the generation of nitric oxide from L-arginine. Nitric oxide is known to rapidly react with oxygen radicals generating additional highly reactive species, which are thought to be important in the ability of proinflammatory macrophages to promote tissue injury (Laskin et al., 2011) . Previous studies have demonstrated that macrophage iNOS is key to ozone toxicity (Fakhrzadeh et al., 2002; Kleeberger et al., 2001) . Thus, mice lacking iNOS were unable to generate reactive nitrogen species, a response correlated with reduced ozone toxicity. The present studies suggest that proinflammatory macrophages are primary contributors of iNOS-derived reactive nitrogen species during the pathogenesis of ozone-induced lung injury, and that these cells accumulate in the lung in a CCR2-dependent manner. A similar dependence of iNOS activity on CCR2 has previously been described in a model of non-infectious lung injury, as well as in a model of allergic contact dermatitis (Chong et al., 2014) . Decreases in proinflammatory macrophages in lungs of CCR2 À/À mice in response to ozone were associated with a reduction in expression of the proinflammatory genes, IL-1b and TNFa. These findings are in accord with studies demonstrating that proinflammatory macrophages are a major source of these cytokines (Duque and Descoteaux, 2014; Herold et al., 2011) . Similar decreases in TNFa and IL-1b have been reported in mice lacking CCR2 in experimental models of skin injury and lung injury (Chong et al., 2014; Tighe et al., 2011b) . IL-1 and TNFa have been implicated in lung injury induced by diverse irritants including ozone (Cho et al., 2007; Michaudel et al., 2016) . Protection against ozone-induced lung injury and oxidative stress in CCR2 À/À mice may be due to decreased release of these proinflammatory mediators. This is supported by previous reports demonstrating that mice lacking TNFR1, the major proinflammatory receptor for TNFa, or NFjB, a transcription factor known to regulate IL-1 and TNFa production, are protected from ozone toxicity (Fakhrzadeh et al., 2004; Fakhrzadeh et al., 2008) . Further analysis of lung macrophage subpopulations revealed significantly greater numbers of mature CD11b þ Ly6G
À

Ly6C
Lo anti-inflammatory macrophages in airexposed CCR2 À/À mice, when compared with WT mice, along with increased expression of NUR77, a nuclear transcription factor known to regulate macrophage anti-inflammatory/ proresolution responses (McMorrow and Murphy, 2011) . This may be due to a loss of Ly6C Hi proinflammatory macrophages to counterbalance their activity (Laskin et al., 2011; Moore et al., 2013) . As observed with Ly6C Hi proinflammatory macrophages, in the absence of CCR2, reduced numbers of Ly6C Lo antiinflammatory macrophages were observed in the lung after ozone exposure; NUR77 expression was also down regulated after ozone exposure. These findings suggest that Ly6C Lo antiinflammatory macrophages are the main cell type expressing NUR77 in the lung after ozone, and that they are derived, at least in part, from blood and bone marrow precursors (Ginhoux and Jung, 2014) . Alternatively, decreases in numbers of Ly6C
Lo anti-inflammatory macrophages in CCR2 À/À mice treated with ozone may be a consequence of reduced numbers of proinflammatory macrophages available for phenotypic switching (Italiani and Boraschi, 2014; Wang et al., 2014) . We also found that ozone-induced accumulation of mannose receptor þ antiinflammatory macrophages was delayed in CCR2 À/À mice relative to WT mice. These results are consistent with the idea that there are multiple subpopulations of anti-inflammatory/wound repair macrophages responding to ozone-induced tissue injury, and that mechanisms regulating their activity are distinct ( ing for each of the antibodies was calculated relative to 100 macrophages present from at least 5 sections/mouse (n¼3 mice/treatment group; magnification x400). Data were analyzed by a two-way ANOVA. Positively stained cells were assigned a staining intensity score on a scale of 0¼no staining, 1¼light staining, 2¼medium staining, 3¼dark staining. Staining intensity data were analyzed by Kruskal-Wallis nonparametric one-way ANOVA followed by Mann-Whitney rank sum post hoc test. a Significantly different (P<0.05) from air.
b Significantly different (P<0.05) from WT.
delayed appearance of mannose receptor þ macrophages in the lung may reflect the time required for the generation of additional chemoattractants for these cells. This is supported by our findings that CX3CL1 and ADAM17, an enzyme important in CX3CL1 release (Garton et al., 2001) , are increased in lungs of CCR2 À/À mice following ozone exposure. CX3CR1 is a chemokine receptor expressed on anti-inflammatory monocytes/macrophages which is thought to be important in their maturation/ development (Shi and Pamer, 2011; Yang et al., 2014 ozone exposure may represent an attempt to compensate for the loss of anti-inflammatory macrophages responding to ozone in the absence of CCR2. In this regard, Tighe et al. (2011a) identified a population of repair macrophages in the lung after ozone exposure that are dependent on CX3CR1, and that in their absence, oxidative stress is exacerbated. Although Ly6C Lo macrophages were reduced in lungs of CCR2 À/À after ozone exposure, they still outnumbered Ly6C Hi macrophages. This suggests that tissue repair processes in CCR2 À/À mice are more prominent, which is in accord with our findings that in the absence of CCR2, ozone toxicity and oxidative stress are reduced. These data provide support for the idea that the outcome of the pathogenic response to ozone depends on a balance between proinflammatory and anti-inflammatory macrophages (Laskin et al., 2011) .
Ozone-induced oxidative stress, as measured by expression of 4-HNE, Cypb5, and HO-1, was markedly reduced in lungs of CCR2 À/À mice, relative to WT mice, demonstrating a key contribution of CCR2-dependent inflammatory cells to the oxidative burden in the lung. However, whether this a consequence of macrophage generation of reactive oxygen species and lipid peroxidation end products is unknown. Findings in the present studies, and in previous reports (Hamilton et al., 1996; Kirichenko et al., 1996) , that lung macrophages express 4-HNE following ozone exposure suggest a direct effect; however this remains to be determined. Previous studies have described a population of CX3CR1-dependent inflammatory macrophages in lungs of mice exposed to ozone that function to limit pathological responses to ozone, presumably because of their ability to scavenge oxidants and/or manage oxidant balance (Tighe et al., 2011a) . Our results suggest that Ly6C Lo and mannose receptor þ inflammatory macrophages also contribute to these activities in the lung after ozone exposure. It should be noted, however, that other factors may contribute to differences in the response of WT and CCR2 À/À mice to ozone including inherent differences in levels of antioxidants, ventilation rates, and/or ozone deposition amounts. Further studies are required to explore these possibilities. In summary, the present studies demonstrate a key role of CCR2 in regulating the accumulation of proinflammatory macrophages, as well as subpopulations of anti-inflammatory macrophages in the lung in response to ozone. The fact that ozoneinduced injury and oxidative stress are reduced in CCR2 À/À mice suggests a greater impact on the proinflammatory/cytotoxic macrophage subpopulation. Elucidating specific subpopulations of inflammatory cells responding to ozone and mechanisms regulating their trafficking and activity may lead to the development of more efficacious approaches for mitigating oxidantinduced pulmonary toxicity and disease pathogenesis.
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